Hybrids were produced by protoplast fusion between strains of Aspergillus rugulosus and mitotic master strains of Aspergillus nidulans with a genetic marker on each linkage group. Analysis of segregants induced by growth on benomyl revealed recombination between every pair of unlinked markers. Parental combinations of markers were often recovered at significantly higher frequencies than expected. This aberrant segregation was not correlated with any particular pair of linkage-groups and was attributed to inter-species incompatibility. The segregation of genetic markers of A. rugulosus from the hybrids suggested that A. nidulans and A . rugulosus may differ in haploid chromosome number and chromosome size. In sexual crosses between A . nidulans and strains containing chromosomes of mixed parental origin recombinants were recovered. The results support the classification of A. nidulans and A . rugulosus as separate species.
INTRODUCTION
Fusion of protoplasts of Aspergillus nidulans and Aspergillus rugulosus lead to heterokaryosis, hybrid formation following nuclear fusion and subsequent haploidization (Kevei & Peberdy, 1977) , which are key steps in the parasexual cycle (Pontecorvo, 1956) . The wide range of haploid recombinant types obtained in the segregant progeny suggested some functional similarities in genome organization between these closely-related species (Kevei & Peberdy, 1979) . Hybrids of A. nidulans + A. rugulosus resembled, in morphology and behaviour, intraspecific diploids of heterokaryon-incompatible strains of A. nidulans also obtained by protoplast fusion (Croft & Jinks, 1977; Dales & Croft, 1977 . When protoplasts of taxonomically diverse species such as A. nidulans and A . fumigatus were fused, however, there was no evidence of regular parasexual events (Ferenczy, 1976; Ferenczy et al., 1977) ; instead, aneuploids of unknown constitution were recovered.
A combination of these findings has prompted doubts concerning the taxonomic distinctness of A. nidulans and A. rugulosus (Ferenczy, 198 1) . In this paper we present more results pertinent to the question of the genetic similarity of the two species. We have examined in more detail the segregation of chromosomes, by means of genetic markers, from hybrids of A . nidulans + A .
rugulosus. The recent development of a preliminary genetic map of A. rugulosus (Bradshaw et al., 1983) facilitates interpretation of the data. We also report attempts to determine whether intrachromosomal recombination can be achieved in the hybrids by mitotic or meiotic crossing over. Mesillati, 1981) * The primary gene symbols for A. nidulans are those listed by Barratt et al. (1975) . The following symbols are used for A . rugulosus: white conidial colour, whi; yellow conidial colour, ylo; adenine requirement, ade; leucine requirement, leu; lysine requirement, lys ; methionine requirement, met; proline requirement, pro; pyridoxine requirement, pyro; riboflavin requirement, ribo; resistance to p-fluorophenylalanine, Spa. nidulans; all the progeny were resistant to acriflavine. This was believed to be a consequence of non-disjunction or mitotic crossing over in the original hybrid which was selected on MM + acriflavine (unpublished results). Segregation of the remaining seven linkage groups of A . nidulans would be expected to give rise to 128 (2') different genotypes as a result of random reassortment. The actual recovery of 96 different types suggested extensive recombination between unlinked markers in the interspecific hybrid. The large number of segregants isolated from hybrid 1 allowed a detailed analysis of recombination events. The frequencies of parental and recombinant types recovered between pairs of genetic markers are shown in Table 4 . As expected, no recombination was observed between the markers riboB2 and chaAl, which are both located on linkage group VIII of A . nidulans. Recombination between adE20 and biAl, which are located on A . nidulans group I, was detected in four segregants. However, since these mutations were bradytrophic, the evidence for mitotic crossing over between A . nidulans linkage group I and a corresponding portion of the A . rugulosus genome was only tentative.
Pairs of genetic markers which are located on separate linkage groups in A. nidulans segregated two classes of parental types (+ + , ab) and two classes of recombinants (a + , + b), as found in intraspecific parasexual crosses. However, chi-squared contingency tests, based on a null hypothesis of free recombination between markers, suggested that there was often a significant excess of parental over recombinant segregants. The results of chi-squared tests performed on data from hybrids 1,5 and 7 are summarized in Table 5 . In 22% of the cases the excess of parental types was highly significant (at the 0.1 % level of confidence), although no particular pair of genetic markers showed highly significant deviations in all three crosses. There appeared to be no correlation between the types of genetic markers involved and the occurrence of the 'excess parentals' phenomenon.
Segregation of A . rugulosus markers from interspecijic hybrids Aspergillus rugulosus has at least seven linkage groups (Bradshaw et al., 1983) . By observing the segregation of A . rugulosus markers in crosses with mitotic master strains of A . nidulans it was hoped to 'map' the markers (Forbes, 1959) and thereby compare the two genomes. The frequencies of parental type and recombinant segregants obtained from hybrids 2-7 are summarized in Table 6 . The recovery of only a small proportion of recombinants was considered Chi-squared contingency tests comparing observed frequencies of parental and recombinant types with expected frequencies, based on free recombination between markers.
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Levels of significance *0.05 2 P > 0.01; **0-01 2 P > 0.001; ***P < 0.001.
Deviations from expected values are due to increased numbers of parental types and decreased numbers of recombinants in the observed samples, unless shown in parentheses. 
Hybrid
no. 1 5 7 1 5 7 1 5 7 1 5 7 1 5 7 1 5 7 1 5
Table 6. Segregation of A . rugulosus markers in interspeciJic hybrids
Frequencies of parental (P) and recombinant (R) segregants are given. Data showing low recombination are presented in italics.
A . rugulosus marker
whiA (11) 
Mitotic intrachromosomal recombination
A hybrid was formed by protoplast fusion of A . rugulosus 3-43 and A . nidulans 2-69; the latter carried multiple genetic markers on linkage group I. It was hoped to select for mitotic cross-over products which had become homozygous for the A . nidulans yA2 and suAladE20 markers (Pontecorvo & Kafer, 1958) . However, selection for yellow conidial heads proved difficult due to poor conidiation, which is characteristic of A . nidulans + A . rugulosus hybrids. In addition, the dark red-brown pigment secreted by the mycelium presented difficulties in the clear distinction of spore colours. Selection for homozygous 'adenine suppressor' mutations is possible in diploids homozygous for two non-complementing markers which confer adenine auxotrophy. Hybrids which carry both A . nidulans ade20 and A . rugulosus adeA9 grow better on MM + adenine than on MM, hence the mutations are in a sense 'allelic'. However, since there was some partial complementation, allowing growth on MM, it was not possible to select for homozygous suppressor colonies.
Due to the lack of success with selection procedures, haploid segregants from two hybrids, each containing the multimarked linkage group I from A . nidulans 2-69, were phenotypically characterized in the hope of identifying some products of recombination; 429 and 318 segregants were isolated and characterized from hybrids 2-69 + 3-43 and 2-69 + 3-94, respectively. Although the A . rugulosus markers segregated as expected, there was no evidence for reassortment of markers aligned on linkage group I of A . nidulans, even when A . rugulosus markers which were located on a homologous linkage group were expressed in the same strain. The recombination previously observed between genes on homologous linkage groups of two species may thus have been the consequence of small duplications rather than of crossing over. The same procedure was repeated with an intraspecific parasexual cross. No mitotic crossingover was detected amongst 255 haploid segregants from a diploid of A . nidulans, 2-69 + 2-39.
Hence the sensitivity of this method was insufficient for the detection on spontaneous mitotic intrachromosomal recombination.
Meiotic intrachromosomal recombination
Since meiotic crossing-over is more frequent than mitotic crossing-over in A . nidulans (Pontecorvo & Kafer, 1958) , a cross was made in which interspecific meiotic recombination might be achieved. Strains H1-411 and H7-85, which contained A . rugulosus chromosome(s) in place of A . nidulans linkage group I (Table 2), were crossed sexually with A . nidulans 2-69. Many cleistothecia developed at the interface of the parental strains but few were seen elsewhere. Approximately half of the cleistothecia from each cross were selfed; both parents were capable of producing selfed cleistothecia. The remainder of the cleistothecia contained ascospores which formed colonies of both parental spore colours but were found to consist exclusively of parentaltypes. Neither intrachromosomal nor interchromosomal recombinants were recovered. The 'twinned' cleistothecia generally contained equal proportions of ascospores of each parental type-
DISCUSSION
Analyses of the phenotypes of interspecific segregants from hybrids formed by protoplast fusion between A. rugulosus and mitotic master strains of A. nidulans showed that some recombination occurred between each pair of unlinked A. nidulans markers. This suggested that each individual chromosome of A. nidulans could be replaced by 'functionally homologous' genetic material of A. rugulosus. However, parental combinations of genetic markers were often recovered at significantly higher frequencies than expected from random chromosome reassortment. Since this tendency was not correlated with any particular linkage groups thoughout all the crosses studied, the phenomenon could not be explained by a translocationtype arrangement of the A. rugulosus chromosomes with respect to those of A. nidulans. Similarly, Kafer (1 965) obtained some uneTpectedly higher proportions of parental types following the segregation of unlinked markers from translocation-free intraspecific diploids of A. nidulans. She attributed the excess of parental types to allele selection. In the present study involving interspecific hybrids, however, many pairs of loci which showed no selection for either mutant or wild-type 'alleles' did segregate an excess of parental types. This phenomenon was more prominent in the present work than in Kafer's report. Kafer (1965) found that only 1 % of pairs of genetic markers deviated significantly from the expected segregation at the 1 % level of confidence (using a chi-squared contingency test). In the interspecific crosses reported here, 22 % of marker-pairs segregated unexpectedly higher proportions of parental types which were significant at a 0.1 % level of confidence. The results strongly suggested some incompatibility between the genomes of A. nidulans and A . rugulosus which resulted in poor viability or poor vigour of recombinant segregants.
A comparison of some mutants of the two parent species suggested a common loss of function and a common location of mutant genes on 'homologous' linkage groups. When combined in a hybrid, the adeE2O mutation of A . nidulans and the adeA9 mutation of A . rugulosus were not fully complementary, thus probably affect the same step in adenine biosynthesis. Moreover, both mutations segregated with markers located on linkage-group I of A. nidulans, and thus may have 'homologous' locations in the two genomes. Similarly mutations at the whiA locus of A . rugulosus showed 'linkage' with A. nidulans group 11, on which the W A locus is situated. However, mutations at the riboA and yloA loci of A. rugulosus are fully complementary with riboAl andyA2 mutations of A. nidulans, respectively (R. E. Bradshaw, unpublished data) suggesting differences in the metabolic blocks they confer. Moreover, the A. rugulosus genes riboA2 and yloAl segregated with A . nidulans linkage groups I1 and I11 respectively, upon which no corresponding loci have been reported.
A comparison of the linkage-maps of A. nidulans and A . rugulosus with the patterns of gene marker segregation from hybrids revealed some anomalies ( Table 6 ). The genetic markers whiA and pyroA are linked together on linkage group I1 of A. rugulosus, but following interspecies hybridization they segregated independently of one another, with linkage groups I1 and IV of A. nidulans. However, as observed previously, there was recombination between genetic markers located on linkage groups I1 and IV of A. nidulans. The A . rugulosus locus whiA was 'mapped' to A. nidulans linkage group I1 in three independent crosses, involving two independently isolated mutations (whiAI and whiA2). The pyroA locus of A . rugulosus was 'mapped' to A. nidulans linkage group IV in only one cross, hence the integrity of this linkage was dubious. The results of segregation involving theproA locus were also inconsistent. From the remaining data in Table 6 the following arrangement of linkage groups of A. nidulans and A . rugulosus is proposed, regarding homology of function :
A . nidulans linkage groups ~ A. rugulosus linkage groups ------
The 'homology map' suggests that there may be three linkage groups of A. rugulosus yet to be identified, making a total of 10. This would constitute a major difference between the two species as A. nidulans has only eight linkage groups. However, since the possibility of translocations in the UV-induced mutants of A. rugulosus used in genetic mapping and in the present study cannot be ruled out, these results are tentative. Mitotic crossing-over between chromosomes of A. nidulans and A . rugulosus was not unequivocally demonstrated. A non-selective approach to screening haploid segregants for cross-over events was also unsuccessful. However, the frequency of spontaneous mitotic crossing-over in intraspecific diploids of A. nidulans is only 3 4 % per nucleus (Kafer, 1977) . In view of the suggested incompatibilty occurring in interspecific hybrids it is feasible that the frequency of crossing-over would be lower still. A more fruitful approach may be to enhance mitotic crossing over using recombinagens such as UV irradiation (Wood & Kafer, 1969) Attempts to detect meiotic crossing-over between chromosomes of the two species led to the discovery of parental genome segregation from all cleistothecia involving both A. nidulans and recombinant strains as parents. A similar phenomenon has been described with A. nidulans; cleistothecia which contained the products of two independent selfed sexual crosses were obtained and termed 'twin cleistothecia' (Pontecorvo et al., 1953 ; Butcher, 1968) . However only a small proportion of cleistothecia were of this type in A. nidulans. The extent of chromosomal reassortment observed in interspecific parasexual crosses rules out the possibility of structural heterozygosity being responsible for parental genome segregation. The results strongly suggest incompatibility between the strains of A. nidulans and the interspecific recombinants. The fact that the interspecific segregants were not fully fertile in sexual crosses supports the classification of A. nidulans and A . rugulosus as separate species.
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